Abstract The Experimental Advanced Superconducting Tokamak (EAST) is the first fully superconducting tokamak with a D-shaped cross-sectional plasma presently in operation. The ideal magnetohydrodynamic (MHD) stability and required power for the EAST advanced tokamak (AT) scenario with negative central shear and double transport barrier (DTB) are investigated. With the equilibrium code TOQ and stability code GATO, the ideal MHD stability is analyzed. It is shown that a moderate ratio of edge transport barriers' (ETB) height to internal transport barriers' (ITBs) height is beneficial to ideal MHD stability. The normalized beta βN limit is about 2.20 (without wall) and 3.70 (with ideal wall). With the scaling law of energy confinement time, the required heating power for EAST AT scenario is calculated. The total heating power P t increases as the toroidal magnetic field BT or the normalized beta βN is increased.
Introduction
The goal of tokamak research is to develop fusion energy as an economical and viable energy source. Steady state operation (SSO) is a straightforward way to run a tokomak as a commercial fusion reactor. The advanced tokamak (AT) scenario [1, 2] is considered as the best operation mode for SSO. In the AT scenario, the plasma current is sustained by the auxiliary driven current and bootstrap current, without the inductive current, which can only be a limited pulse duration. ITER steady-state scenario (scenario 4) is the AT scenario [3] . The Experimental Advanced Superconducting Tokamak (EAST) is the first fully superconducting tokamak with a Dshaped cross-sectional plasma presently in operation. One major goal for EAST is to investigate the physics and the technology under the steady-state advanced tokamak operation. EAST will address some SSO issues related to ITER and future fusion reactors.
Two major elements of tokamak plasma performance are the confinement and the stability. There are two enhanced confinement regimes, the H-mode and the internal transport barrier (ITB) regime. The H-mode can improve confinement due to the formation of an edge transport barrier (ETB). An ITB can improve confinement in the core and provides a possible regime for simultaneous high performance and continuous tokamak operation with a high bootstrap current fraction [4] . Recent experiments on several large tokamaks found that combining the ITB and ETB (or H-mode pedestal edge), i.e., producing a double transport barrier (DTB or DB) plasma, can improve the confinement and MHD stability simultaneously [5∼7] . Global performance is then also improved. Generally the AT scenario of tokamak plasma is accompanied by the double barrier. However, the transport barriers lead to a large pressure gradient P and bootstrap current density J BS , which often drive MHD instabilities. These instabilities can limit the β value or even terminate the discharge. Ideal MHD instabilities are the fastest instabilities in tokamaks and extremely dangerous. Tokamak plasma must be controlled below the stability limit, especially for a large device.
In this paper we focus on the ideal MHD stability analysis for the EAST advanced tokamak scenario. It should be noted that an earlier study [8] showed that the n = 1 external kink mode was the most unstable mode and limited the global plasma performance. In a wide variation of the current and pressure profiles, while keeping the negative central shear (NCS) q profile form, we perform the ideal MHD stability analysis of the n = 1 mode. From this study, we can find the maximum normalized beta β N limit. Here the normalized beta is β N =β/(I p /aB T ), with β= p /(B 2 T /2µ 0 ), where p is the volume average kinetic pressure, I p (MA) the plasma current, a(m) the plasma minor radius and B T (T) the toroidal magnetic field. With the scaling law of energy confinement time, we also calculate the required power to sustain the plasma in the vicinity of the stability limit. This paper is organized as follows. In section 2, we describe the construction of the DTB equilibrium model used in this study. In section 3, we introduce the ideal MHD stability code GATO and show the ideal MHD stability results, and provide some physical explanations. In section 4, we show the power requirement for the EAST advanced scenario. Finally, a brief discussion and summary are given in section 5.
TOQ code and DTB equilibrium model
In this paper, the MHD equilibrium is computed with the TOQ code [9, 10] . The TOQ code is an equalarc-length, fixed boundary inverse equilibrium solver for the Grad-Shafranov equation. To solve the GradShafranov equation, two flux functions must be specified. In this paper, the pressure P and safety factor q profiles are specified. In addition, the plasma shape, the β T0 (peak toroidal β) and the total poloidal flux are specified to determine a unique equilibrium solution.
In this study, we choose a typical EAST up-down symmetric double-null Dee shape cross section to model the plasma boundary. The plasma shape is from EAST discharge 13606 at 4600 ms, reconstructed by EFIT. The major radius is R 0 = 1.86 m and the minor radius is a = 0.44 m, elongation κ a = 1.70, toroidal magnetic field B T = 2.0 T and plasma current I p ∼ 0.6 MA. The plasma shape is shown in Fig. 3 .
A q profile with negative central shear (NCS) is used, as shown in Fig. 1(a) . The horizontal axis ψ is the normalized poloidal flux function and the vertical axis is the safety factor q. The parameters of the q profile are q 0 = 3.2, q min = 2.5, q 95 = 5.1. This is in the range of optimized q profiles for AT discharges suggested by the ITPA group on steady-state operation [11] . The pressure P (ψ) profile of DTB (ITB and ETB) plasmas is shown in Fig. 1(b) . The large pressure gradient is an important characteristic of transport barriers. It can be specified as a tanh function. The P (ψ) profile of DTB is specified as a combination of two tanh functions, an internal tanh and an edge tanh:
where the variable const sets the pressure zero at the edge; ψ i and ψ e are the locations and w i and w e are the half widths of ITB and ETB; a i and a e determine the relative heights of ITB and ETB. If a e = 0, the plasma has an ITB only, and if a i = 0, it has an ETB only.
GATO code and ideal MHD stability
GATO [12] is a linear ideal MHD stability code based on the variational energy principle [13] . The code uses the Ritz-Galerkin method to convert the variational formulation into a matrix eigenvalue equation of the form:
where the matrices A and B represent the potential and kinetic energies of a displacement represented by the eigenvector X, and the eigenvalue λ = ω 2 is the square of the mode frequency. If all λ > 0 then ω is real and the system is stable, but if any eigenvalue λ < 0 then ω = iγ is imaginary and the system is unstable. γ is the mode growth rate. The Ritz-Galerkin expansion uses Fourier decomposition in the toroidal direction; axisymmetry implies that the individual toroidal modes are decoupled and the code then solves each toroidal harmonic independently. The expansion in the radial and poloidal directions uses finite hybrid elements (FHE).
In order to predict the ideal MHD stability for the EAST tokamak, we scan a series of equilibria which have different DTB parameters. These equilibria will have different β N and β ped N . β N is the normalized toroidal β, and β ped N is the normalized toroidal β inside the pedestal. Scanning β N and β ped N and using GATO code to determine whether these equilibria are stable or not, we can find a stability boundary in β N − β ped N space. Then we determine which DTB configuration is optimal for ideal MHD stability and the maximum β N we can get.
In the following part, we fix the location and width of the ITB (ψ i = 0.36, w i = 0.2), and the location and width of the ETB (ψ e = 0.96, w e = 0.04), and vary the ITB and ETB heights a i and a e , respectively. For these equilibria, we use the GATO code to perform the ideal MHD stability analysis. We only compute the ideal MHD stability boundary for n = 1 (n is the toroidal mode number), since β N is limited by global low n instabilities [3, 14, 15] . Our convergence calculation shows a mesh of N ψ × N x = 160 × 320 is sufficient to determine the stability. Here, N ψ is the number of flux surfaces and N x is the number of poloidal angles. However, for some cases in the vicinity of the marginal points, complete convergence studies with successively increased meshes up to N ψ × N x = 200 × 400 are also employed to ensure the reliability of the results.
By scanning the ITB and ETB heights a i and a e , we find a stability boundary in β N − β ped N space. First we study the stability boundary with a perfect conducting wall (also known as ideal wall) set at 1.5a (a is the minor radius). The stability boundary is shown in Fig. 2(a) . This boundary can be divided into three segments: AB, BC and CD. For AB the critical β N increases with β The pressure profiles of the four cases are as shown in Fig. 2(b) . Case A has an ITB only (a e = 0), cases B and C are DTB plasmas and case D has an ETB only (a i = 0). From Fig. 2 (a) and 2(b) we can see that the maximum β N limit is 3.70 (near case B), and it has a moderate ETB height less than that in cases C and D. While for case A (ITB only) , the β N limit is 3.20 and for case D (ETB only), the β N limit is less than 1. The DTB plasmas are more stable than ITB-only plasmas and a moderate ETB is beneficial to ideal MHD stability and the maximum β N limit is 3.70. This β N limit is similar to the DIII-D case [14] , since the two machines have a similar plasma shape.
The β N limit with an ideal conducting wall implies the maximum beta we can obtain. However, as we know, the tokamak wall is not a perfect conductor. If β N is above the no-wall limit, the resistive wall could slow down kink instability to the time scale of the wall eddy current decay time, and lead to the so-called resistive wall mode (RWM). The no-wall beta limit is an important reference point for stability study. Our calculation shows that the no-wall β N limit is 2.20 for the EAST AT scenario, as shown in Fig. 2(c) with the point near case b. It is smaller than the ideal-wall β N limit of 3.70 as mentioned above, β N /β no−wall N ∼1.7. Fig. 2(d) shows the pressure profile for cases a, b and c. For the EAST AT scenario, if the plasma β N is above 2.20, technics to stabilize the RWM must be applied to get steady state plasma.
We also study some details of four typical unstable cases just above the stability boundary for EAST (ideal-wall). The four unstable cases are: cases A, B, C and D as seen in Fig. 2(a). Fig. 3 shows the unstable results of case B. The displacement is almost everywhere, though the largest amplitude is concentrated in the internal region near the ITB (ρ = 0.6). The unstable MHD modes have a global radial structure typical of pressure-driven kink modes when the β N limit is exceeded. The instabilities are driven by the pressure gradient and current density for both the internal and the edge regions. Fig. 4 shows the plasma pressure gradient and current density for cases A, B, C and D. We find that at the barrier locations (the ITB, ψ i = 0.36 and ETB, ψ e = 0.96), the pressure gradient and the plasma current density are larger than those at other places. 
Scaling law and power requirement
One of the key issues is the required power for EAST to sustain the optimized combination of MHD stability and high confinement which characterizes the AT. In this section, we will investigate the required power for the EAST advanced scenario when the plasma is in the vicinity of the stability limit. Global scaling expressions for the energy confinement time (τ E ) are powerful tools for predicting the confinement performance of plasmas. One of the most reliable scaling expressions for the ELMy H-mode thermal energy confinement time is the so-called IPB98(y,2) scaling [3, 16] : 
(in s, MA, T, 10 19 m −3 , MW, m, AMU). Here I p is the plasma current, B T is the toroidal field (TF), P t is the total heating power (i.e., the sum of alpha-heating power and auxiliary heating power),n e is the line average density, R is the major radius, ε is the inverse aspect ratio (a/R, a is the horizontal minor radius) and M is the averaged mass number. The elongation κ a is defined as κ a = S c /πa 2 with S c the plasma crosssectional area.
In steady state the energy loss is balanced by externally supplied heating, the global energy confinement time is τ E = W/P t , where W is the stored energy. Expression (3) and τ E = W/P t imply: (4), the calculated power is P t = 0.76 MW. It nearly agrees with the heating power of P t = 0.72 MW from the experimental analysis. So expression (4) could be a good expression to estimate the required power for the EAST H-mode discharges.
Using TOQ with the main parameters of EAST (B T = 2.0 T, R = 1.86 m, a = 0.44 m, κ a = 1.70, M = 2 AMU), we can calculate the stored energy W and the plasma current I p . We also setn e /n G ∼ 0.8, where n G is the Greenwald density and n G =I p /πa 2 . Then the total heating power P t can be obtained.
We study three typical stability cases (cases A, B, C as seen in Fig. 2 ) near the stability boundary as seen in Table 1 (a). It shows that for case B (a moderate ETB, β N =3.69): plasma current I p = 0.573 MA, stored energy W = 0.664 MJ, heating power P t = 37.69 MW. The total heating power P t in case B is larger than those in cases A and C. Compared with the ideal-wall case, we also study the no-wall cases (cases a, b, c as seen in Fig. 2) . It is shown in Table 1 (b). The total heating power P t in case b (β no−wall N = 2.18) is less than that in case B (β N = 3.69). In fact, the larger the normalized beta β N , the larger the total heating power is required. To reach the no-wall limit, 6.6 MW heating power is required. EAST will have this heating capability in the coming years. However, to reach the idealwall limit, 37.7 MW heating power is required. This heating power is too large and is above the planned heating power. If we want to conduct some experiments under the conditions of an ideal-wall beta limit, a straightforward way is to decrease the magnetic field. We consider the required power for case B (as seen in Fig. 2(b) ) where a DTB configuration is optimal for ideal MHD stability. As shown in Table 2 , the total heating power required under different toroidal magnetic fields is calculated. With the toroidal magnetic field B T increased from 1.0 T to 2.0 T, the total heating power increases from 11.10 MW to 37.69 MW. It is shown that, the larger the toroidal field B T , the larger the total heating power requirement, and also the larger the plasma current I p and stored energy W . It should be noted that with B T = 1.0 T, 1. Also, we consider the total heating power required under different normalized beta β N . With the normalized beta β N increased from 0.80 to 3.70, the total heating power increases from 0.88 MW to 37.86 MW. This can be seen from Table 3 . Table 3 shows that the larger the normalized beta, the larger the total heating power requirement, as well as the plasma current I p and stored energy W . It should be noted that here B T = 2.0 T, we set the line average densityn e = 3.0× 19 m −3 to 7.5×10 19 m −3 as the normalized beta β N increases from 0.80 to 3.70. Table 3 
Discussion and summary
The ideal MHD stability and power requirement for the EAST advanced scenarios have been investigated. Using the equilibrium code TOQ and the ideal MHD stability code GATO, we have found that a moderate ratio of ETB to ITB height is beneficial to ideal MHD stability. For an EAST no-wall case, the maximum normalized beta β N limit is 2.20 and, for an ideal-wall case, the β N limit is 3.70.
Using the IPB98(y,2) scaling, we have calculated the required power for the EAST AT scenario under various conditions. For B T = 2.0 T (Currently EAST mainly operates at ∼2.0 T), to reach the no-wall limit, 6.6 MW heating power is required. 6.6 MW is not a large power, which EAST can obtain in the coming years. With 6.6 MW power, EAST will have RWM. Then EAST can perform some experiments about RMW and the technics to control RWM. To get the ITER-like AT scenario, the required power is about 15 MW and EAST will have this power in the next stage. However, to reach the ideal-wall limit, 37.7 MW heating power is required. This heating power is too large and beyond the planned level of heating power.
We have found that the total heating power P t decreases as the toroidal magnetic field B T or the normalized beta β N decreases. Considering the power that EAST can get, to reach the ideal-wall limit, B T should be about 1.0 T (11.1 MW input power is required, as shown in Table 2 ). Although EAST has the ability of B T = 3.5 T, with current and planned heating power, to get high beta plasma, B T should be kept below 2 T.
We have calculated the stability limit and required power for the EAST AT scenarios. These results would be helpful for designing EAST experiments.
